One contribution of 20 to a discussion meeting issue 'Biological and climatic impacts of ocean trace element chemistry'.
Introduction
Trace elements are essential for all marine life. Marine microorganisms, in particular, have high demands for some bioactive metals (e.g. Fe, Cu, Zn, Mn and Co), with cellular concentrations more than six orders of magnitude higher (e.g. 100 µM Fe [1]) than those in surface oceanic waters (e.g. 70 pM mean dissolved Fe [2] ). Over large areas of the oceans, the availability of some essential trace elements is low enough to significantly affect the biomass, physiology and stoichiometry of marine phytoplankton, heterotrophic bacteria and protists (e.g. [3] [4] [5] [6] [7] [8] [9] ). Conversely, marine microorganisms may affect the distribution, oxidation state and bioavailability of trace metals in the sea through direct uptake and efflux (e.g. [10] [11] [12] [13] ), remineralization of organic matter (e.g. [14, 15] ), production of organic metal-binding complexes (e.g. [16] [17] [18] [19] ), the activities of extracellular redox enzymes (e.g. [20] [21] [22] [23] ) and intracellular solubilization of colloids (e.g. [23] ).
In comparison with the relatively large literature on microbial interactions with trace metals in seawater, much less is known about the effects of low trace metal availability on consumers at higher trophic levels. Recent studies, however (e.g. [24] ), have begun to examine the effects of trace metal limitation on copepod physiology (e.g. egg production). To date, most research on trace metal physiology and stoichiometry of marine animals has focused on toxicology, i.e. determining the factors that control trace metal accumulation in animal tissues. These studies have shown that, under non-toxic concentrations, trace metal content in marine animals is determined by the animal's assimilation efficiency and efflux rate for a given metal, the food intake rate and the metal content of the prey [25] . The animal's assimilation efficiency for a metal seems to be directly related to the relative concentration of that metal in the most bioavailable pool in the prey [26] [27] [28] [29] . These findings, and many others, have been used to parameterize kinetic models predicting the transfer of trace metals from the dissolved and particulate phase (e.g. phytoplankton) to consumers (at least up to fish), with a particular focus on toxic elements such as Se, Hg and Cd [30] [31] [32] .
Studies examining the flow of metals in entire ecosystems are scarce. One study in the Southern Ocean demonstrated that higher trophic level organisms exhibit highly variable bio-concentration factors for a series of metals [33] . For example, relative to levels in seawater, some metals (e.g. Hg) were significantly concentrated in top predators, while others (e.g. Ni and Pb) were found at significantly lower concentrations in these animals. Changes in the bio-concentration factors ([Me] animal : [Me] seawater ) of metals across trophic levels imply active cycling of trace metals in the food web. While a number of studies have examined recycling of metals by heterotrophic protists and copepods [34] [35] [36] [37] [38] , less information is available on the role of upper trophic levels in the recycling of trace metals in marine ecosystems. Several lines of evidence suggest, however, that upper-level consumers indeed play important roles in metal cycling. For example, it is known that the faeces of Antarctic krill (Euphausia superba) [39] and whales are enriched in many metals relative to their dissolved concentrations in seawater [40] [41] [42] . Furthermore, krill in the Scotia Shelf region have been hypothesized to solubilize and transfer lithogenic Fe from the sediments to the euphotic zone [43] . Whales tend to feed at depths of hundreds (e.g. baleen whales) to thousands of metres (e.g. sperm whales) and defecate at the surface [44, 45] . Thus, while sperm whales may mediate the transfer of trace elements from meso-and bathypelagic waters to the euphotic zone [44, 45] , baleen whales may help retain Fe in the euphotic zone. Specifically, rorquals (Balaenopteridae) have been identified as key Fe recyclers in the Southern Ocean [40] [41] [42] 46] , particularly before their near-extirpation by commercial whaling [46, 47] .
Although the interactions between essential trace metals and marine organisms are complex, a handful of studies have modelled trace metal cycling in lower trophic levels (up to mesozooplankton) of epipelagic food webs in the Southern Ocean (e.g. [35, 36] ), the subarctic Pacific (e.g. [34] ) and the Kerguelen Plateau (e.g. [38] ). These simple models have focused on the biogenic Fe demand and supply in the euphotic zone relative to external Fe inputs to surface waters. Some of the key findings from this work include the importance of Fe regeneration by micro-and mesozooplankton, and the strong coupling between the rates of Fe supply by these grazers and those of Fe demand by phytoplankton and bacteria. Given recent suggestions that krill and whales may provide significant inputs of recycled Fe to surface waters of the Southern Ocean [42, 48] , modelling Fe cycling in the entire Southern Ocean food web appears to be a promising approach to determine the role of different functional groups in biological Fe cycling in this high-nutrient low-chlorophyll (HNLC) region. To date, however, no one has attempted to examine Fe cycling in an entire food web.
Ecosystem models provide a means to gain a more holistic understanding of the effects of the biota on trace element cycling in the sea (e.g. [49] ). Ecopath with Ecosim (EwE) is a tool often used in fisheries science and marine ecology for constructing food web models based on the concept of ecosystem biomass mass balance. An Ecopath model consists of a set of linked linear equations describing the flux of biomass into and out of each functional group in a given food web over a specific period, normally a year [50] . Each Ecopath model includes biomass density (B, t km −2 ) and production rate (P/B, yr −1 ) terms for each functional group, as well as a consumption rate (Q/B, yr −1 ) for every consumer group and a diet composition matrix for the entire food web. Such models have typically been used to predict changes in the biomasses of different functional groups in response to fishing pressure or trophic forcing, often with a focus on stocks targeted by fisheries [51] . To our knowledge, only one study to date [49] has used Ecopath to examine the contrasting cycling of a toxic metal (Hg) in the eastern tropical Pacific and the central north Pacific.
The objective of this study was to create the first ecosystem models of annual biological Fe cycling in the Southern Ocean (south of the Antarctic Polar Front) for pre-and postwhaling ecosystem states (1900 and 2008, respectively) based on the pre-existing Ecopath model constructed for this region [47] . Our models include the 18 functional groups described in Surma et al. [47] plus a heterotrophic bacterioplankton group and were mass-balanced for first biomass and then Fe. We used the 2008 model to evaluate the relative size of the biogenic Fe pools in the present Southern Ocean ecosystem. We also investigated the annual Fe demand associated with biomass production in all functional groups, the annual Fe intake via ingestion by the consumer functional groups, as well as the annual biological Fe recycling mediated by these consumers. In addition, we compared the mass-and Fe-balanced models for the pre-whaling era (1900) versus the present day (2008) in order to investigate the changing role of baleen whales as ecosystem engineers in the Southern Ocean. Specifically, we investigated whether Fe recycling mediated by whales (via defecation in surface waters) was significant relative to that by other organisms and a likely contributing factor to higher primary productivity in the 1900s relative to the present day. The models in this study are meant to be a proof of concept, highlighting gaps in our present knowledge and key questions for future research to further investigate the role of the biota in the cycling of trace elements in the sea.
Material and methods (a) Ecopath model construction, parameters and balancing
The 2008 and 1900 food web models were constructed in Ecopath [50] . Ecopath is the first and most basic component of EwE, one of the most commonly used ecosystem modelling frameworks [51] . It creates a static snapshot of food web structure based on a set of functional groups linked by biomass flows according to the principle of mass balance. The latter is fundamentally a reformulation of the first law of thermodynamics and states that, for a steadystate ecosystem, fluxes into a functional group must balance fluxes out of that group over an arbitrary period (in this case a year). Thus, in our model, the annual production of each group must be equal to its annual losses due to consumption by higher trophic levels, other natural mortality, emigration and fisheries. This principle is stated mathematically in the first 'master equation' of Ecopath [50, 52] , where B i is the biomass density (t km −2 ) of prey group i; (P/B) i , the production to biomass ratio (yr −1 ) of group i; B j , the biomass density (t km −2 ) of predator group j; (Q/B) j , the consumption to biomass ratio (yr −1 ) of group j; n, the number of predator groups preying on group i; DC ij , the proportion of prey i in the diet of predator j; E i , the net migration (t km −2 yr −1 ) of group i (emigration -immigration); Y i , the total catch (t km −2 yr −1 ) of group i; and EE i , the ecotrophic efficiency of group i, i.e. the fraction of production of group i; consumed by its n predators or grazers (in a balanced model, EE i ≤ 1). A value of 1 implies that all losses are due to predation or grazing, while a value of 0 implies that group i is never consumed and all its mass losses are due to natural processes unrelated to predation. Therefore, the expression (1 − EE i ) refers to the fraction of the production of group i lost to natural mortality due to causes other than predation (old age, disease, etc.). For the sake of simplicity, we assumed E i = 0 and Y i = 0 for all functional groups. The assumption that E i = 0 can be justified by the fact that the area of the Southern Ocean is vastly greater than its perimeter (i.e. the length of the Antarctic Polar Front) and hence migration most likely has little effect on biomass on an oceanic scale. In addition, the difference in physical conditions between Antarctic and subantarctic waters probably prevents the former from acting as a net biomass source or sink. The assumption that Y i = 0 for all groups, while not strictly correct, is a defensible approximation given that, on an oceanic scale, current fisheries remove far less biomass than predators for all target groups (small mysticetes, krill and large demersal fish) and no Antarctic fisheries existed in 1900.
Ecopath requires values of any three of B, P/B, Q/B, P/Q and EE as input to balance the model and calculate the value of the missing fourth parameter. A diet composition must also be entered for every consumer (electronic supplementary material, table S1). Once mass-balance among groups has been achieved using the first 'master equation', mass balance is ensured within each functional group using the second Ecopath 'master equation':
where 'respiration' refers to the mass of food lost as CO 2 and 'unassimilated food' to that lost in urine, faeces and unconsumed food fragments derived from wasteful feeding. Ecopath can work with energy, biomass or nutrient-related currencies. If a nutrient-based currency is used, the respiration term is excluded from the above equation, and the unassimilated food term is estimated as the difference between consumption and production. In Ecopath, the 'flow to detritus' is calculated as the sum of 'unassimilated food' and 'other mortality', parameters from the first and second 'master equation', respectively. Thus, in the case of a biomass mass-balance Ecopath model, the 'flow to detritus' from each functional group is equal to consumption − production − respiration + other mortality. By contrast, in the case of a nutrient (e.g. Fe) mass-balance Ecopath model, the 'flow to detritus' from each functional group is equal to consumption − production + other mortality.
The input parameters (B, P/B and Q/B) for the 1900 Ecopath model were derived from Surma et al. [47] with an additional bacterioplankton functional group based on BradfordGrieve et al. [53] , yielding 19 groups in all (table 1; electronic supplementary material, table S2 ). Biomass densities for large and small mysticetes (Balaenopteridae) were derived from historical abundances of these species reconstructed from whaling catch records [54] using surplus production models, as described by Baker & Clapham [55] . Those of krill and producers were based on the minimum values required to support historical whale biomass in the model [47] . All other input parameter values (B, P/B and Q/B) for non-bacterial groups were based on those used [47] and ending at current Southern Ocean baleen whale abundance [54] and primary producer biomass [60] . Ecosim [61] allows the biomass densities of some groups (here baleen whales and producers) to be driven by time series while others respond dynamically to forcing over the simulation run time (in this case, 108 years). It achieves this by solving a set of linked differential equations for group biomass change (dB i /dt). The values of the three input bacterioplankton parameters (P/B, P/Q and EE) in both models were taken from ), production to biomass ratio (P/B, yr seabirds included albatrosses, petrels and shearwaters (Procellariiformes), cormorants/shags (Phalacrocoracidae), gulls (Laridae), terns (Sternidae), skuas (Catharactidae) and sheathbills (Chionididae). In the absence of specific Fe content values for whole flying seabirds, the range for both avian groups (0.0678-0.163 kg Fe t −1 wet weight) was taken from that reported for whole Adélie penguins by Honda et al. [33] . Large demersals included large nototheniids, grenadiers (Macrouridae) and other large bottomdwelling fish. Small demersals included mainly small icefish (Notothenioidea), as well as other small bottom-dwelling fish. Small pelagics included myctophids/lanternfish (mainly Electrona antarctica). The Fe content for all fish groups (0.073-0.324 kg Fe t −1 wet weight) was taken from the range reported for ray-finned fishes (Actinopterygii) in Moreno & Haffa [66] .
Cephalopods include octopus and squid. The Fe content for this group (0.121-0.245 kg Fe t −1 wet weight) was taken from the range reported for Mollusca in Moreno & Haffa [66] .
Carnivorous zooplankton included all predatory plankton (e.g. amphipods, polychaetes, chaetognaths, jellyfish, etc.). The Fe content for this functional group (0.0254-0.0697 kg Fe t −1 wet weight) is an average of the low and high Fe estimates for amphipods (0.00559-0.1035 kg Fe t −1 wet weight [67] [68] [69] , using a 23 : 100 dry : wet weight ratio [70] ); chaetognaths (0.01767 kg Fe t −1 wet weight [68] , using a 9.3 : 100 dry : wet weight ratio [70] ; and jellyfish (0.053-0.088 kg Fe t −1 wet weight [71] , as reported in Moreno & Haffa ([66] , table 1).
Krill included mainly Antarctic krill (E. superba) and a small amount of crystal krill (E. crystallorophias). The Fe content range for krill (0.0026-0.04 kg Fe t −1 wet weight) was based on the range reported for E. superba in the Southern Ocean by Honda et al. [33] , for E. superba, Nyctiphanes australis, Meganyctiphanes norvegica and E. pacifica by Ratnarajah et al. [41] , for E. superba by Barbante et al. [72] and for M. norvegica by Fowler [39] . Whenever we needed to convert dry to wet weight, we assumed a 23 : 100 dry : wet weight ratio [70] .
Salps included all pelagic tunicates, mainly Salpa thompsoni. For this functional group, the Fe content range was 0.18-0.5 kg Fe t −1 wet weight [73] .
Copepods, mainly calanoids, were included in this functional group. The Fe content range (0.006-0.05 kg Fe t −1 wet weight) was that reported in Honda et al. [33] and Chen et al. [24] (assuming that C accounted for 45% of the dry weight and an 18 : 100 dry : wet weight ratio [70] ).
Microzooplankton included all unicellular heterotrophic protists. We used the Fe content range for heterotrophic protists (0.0073-0.013 kg Fe t −1 wet weight) reported by Twining et al. [74] during the SOFeX experiment in the Southern Ocean (14-22 µmol Fe mol C −1 ), assuming 0.13 g C g −1 wet weight for phytoplankton [75] .
The bacterioplankton group included planktonic heterotrophic bacteria. The Fe content range for these organisms (0.017-0.37 kg Fe t −1 wet weight) was derived from that (2-41 × 10 −20 mol Fe cell −1 ) reported in Granger & Price [17] , assuming 12.4 fg C cell −1 , a 50 : 100 carbon : dry weight ratio and a 40 : 100 dry : wet weight ratio [76] .
Benthos included bottom-dwelling invertebrates belonging to the following phyla: Porifera, Cnidaria, Arthropoda (subphylum Crustacea), Echinodermata, Mollusca, Chordata (subphylum Tunicata) and Annelida. The Fe content range for this group (0.353-0.415 kg Fet −1 wet weight) is that reported for invertebrates in Moreno & Haffa ([66] ; table 1).
Producers included phytoplankton, ice algae and macrophytes. The Fe content range for this group (0.0044-0.022 kg Fe t −1 wet weight) is based on that reported for diatoms and autotrophic flagellates by Twining et al. [74] during the SOFeX experiment in the Southern Ocean (6-36 µmol Fe mol C −1 ), assuming 0.13 g C g −1 wet weight for phytoplankton [75] .
The detritus Fe content (both low and high) was calculated as a weighted average, based on the contribution of each functional group to the detritus flux. To do this, we multiplied the flux to detritus for each functional group (t wet weight km −2 , tables 1 and 2), as calculated by Ecopath, by the Fe content of that group (kg Fe t −1 wet weight, tables 1 and 2 and electronic supplementary material, table S2) to obtain kg Fe km −2 for each functional group detrital flux. We then summed these numbers to yield a total detrital Fe mass density (kg Fe km −2 ) for the whole ecosystem. This number was then divided by the sum of the biomass fluxes to detritus (t wet weight km −2 ), to get a weighted average Fe content for the detritus pool in kg 
(c) Fe biogenic pools
The biogenic Fe pool associated with each functional group (kg Fe km −2 ; tables 3 and 4) was calculated by multiplying its biomass (t km −2 ) by its Fe content (kg Fe t −1 wet weight). Given that we have a range of Fe content values for each functional group, a low and a high Fe biogenic pool size was calculated for each group.
(d) Annual Fe demand associated with biomass production
The Fe demand associated with annual biomass production by each functional group (kg Fe km −2 yr −1 ; tables 3 and 4) was calculated by multiplying the group's biomass density (t km −2 ) by its production rate (P/B, yr −1 ) to yield total annual production (t wet weight km −2 yr −1 ) and multiplying the latter by the group's Fe content (kg Fe t −1 wet weight). Given that we have a range of Fe content values for each functional group (see above), a low and a high annual Fe demand was calculated for each group. 
(f) Annual Fe release
Using the total annual Fe consumption (kg Fe km −2 yr −1 ) and the annual Fe demand associated with biomass production (kg Fe km −2 yr −1 ), we calculated a rough estimate of the annual mass of Fe released by each consumer functional group (kg Fe km −2 yr −1 ). We assumed that the annual Fe release is equal to the annual Fe consumption minus the annual Fe demand.
The mass of Fe lost from each consumer functional group due to non-predation-related natural mortality (called 'Fe loss to mortality', tables 3 and 4) was added to the estimates of Fe released by that group to calculate the total biotic Fe flux from each group. However, our calculations indicate that Fe lost through non-predation-related natural mortality contributes less than 5% to the total biotic Fe flux, with the exception of salps and copepods (whose mortality contributes approx. 10% to their total Fe flux, assuming low Fe content) and copepods (mortality accounts for approx. 85% of their total Fe flux, assuming high Fe content). Thus, in the following sections we only discuss Fe release associated with consumption and not with non-predation-related natural mortality. Note 
Results and discussion
For this study, the Southern Ocean was defined as lying south of the Antarctic Polar Front, which roughly coincides with waters south of 50°S. This Southern Ocean area is approximately 35 × 10 6 km 2 , with the pelagic, marginal ice zone (MIZ), shelf and MIZ-shelf provinces accounting for 94, 4, 1 and 0.7% of the total open water south of 50°S, respectively [60] . Southern Ocean waters are characterized by a large reservoir of macronutrients and are thought to have a disproportionate influence on past and present global climate [77, 78] . As the vast majority of the Southern Ocean is Fe-limited, a variety of studies have aimed to examine the balance between biological Fe demand and Fe supply rates from various sources (e.g. atmospheric deposition, deep winter mixing, diapycnal diffusion, sea ice, icebergs and upwelling [79, 80] ). However, so far, most studies have only included lower trophic levels and used simplified versions of the Southern Ocean ecosystem structure.
In our study, we attempted to use the Ecopath framework to investigate biological Fe cycling in the Southern Ocean ecosystem in both the presence (1900) and near-absence (2008) of large whales. This comparison was used to examine whether Fe recycling mediated by whales (via defecation in surface waters) was of importance relative to that associated with other consumers and contributed to the higher primary productivity in the Southern Ocean in 1900 relative to the present day. (table 4) .
The highest annual Fe demand required for biomass production in the water column (figure 3, table 4) was associated with primary productivity, ranging from 14.37 (low Fe content) to 71.9 (high Fe content) kg Fe km −2 yr −1 . These numbers are comparable with those previously estimated by experimental studies in the region (40-122 kg Fe km −2 yr −1 [36, 38, 80, 81] ). The annual Fe demand of bacterioplankton, ranging from 7.32 (low Fe content) to 159.4 (high Fe content) kg Fe km −2 yr −1 , was, depending on the Fe content, the second highest or the highest in the water column. Among pelagic organisms with 2 < TL < 3, microzooplankton required the most Fe for biomass production (4.6 and 8.2 kg Fe km −2 yr −1 for low and high Fe content, respectively), while small pelagic fish had the highest Fe demand among groups with TL > 3 (1.5 and 6.6 kg Fe km −2 yr −1 for low and high Fe content, respectively). The lowest annual Fe demand belonged to cetaceans, particularly large mysticetes (0.42 × 10 −4 and 0.001 kg Fe km −2 yr −1 for low and high Fe content, respectively). These results suggest that high-turnover unicellular plankton dominate the Southern Ocean ecosystem's annual demand for Fe, and that group demand for Fe is inversely proportional to trophic level.
The highest annual Fe consumption (figure 3, table 4) was associated with microzooplankton (15.14 and 190.5 kg Fe km −2 yr −1 for low and high Fe content, respectively). This group was followed by carnivorous zooplankton, bacterioplankton, krill and salps (low Fe content values) or bacterioplankton, salps, krill and carnivorous zooplankton (high Fe content values). These results indicate that plankton accounts for most of the Fe consumed in this ecosystem, and that the amount of Fe consumed diminishes with increasing trophic level. This result is driven by the combination of high biomasses and fast turnover rates that characterize planktonic functional groups, relative to those of organisms at higher trophic levels.
The annual Fe release (or recycling) by each functional group includes Fe released during excretion and/or defecation, wasteful feeding and shedding of skin or exoskeleton. The Ecopath model shows that microzooplankton are the greatest contributors to the total biological Fe release in this ecosystem, accounting for 36-80% (for low and high Fe content, respectively), followed by carnivorous zooplankton (34%, low Fe content) or krill (6.3%, high Fe content; table 3). In both 2008 models, the contribution of large and small mysticetes to the total Fe release was negligible (less than 0.02% and less than 0.04%, respectively; figure 3, table 4) .
Microzooplankon are well known for their efficiency at regenerating Fe from their prey, with approximately 60% of the ingested Fe appearing in the dissolved Fe pool within 24 h [36, 82] . Strong organic ligands are practically always available in excess of the dissolved Fe concentration [83] and thus are likely to buffer inputs of regenerated Fe by microzooplankton, increasing the residence time of this biologically recycled Fe. In addition, rates of Fe acquisition from in situ organic Fe complexes by phytoplankton in the Southern Ocean [84] are comparable with the rates of Fe regeneration by microzooplankton [36] . These combined results suggest that Fe recycled by microzooplankton will probably enter the dissolved phase, be bound by strong organic complexes and be accessible to phytoplankton for uptake and growth. By contrast, Fe released by carnivorous zooplankton and krill, most likely within faecal pellets, will be less bioavailable and might be quickly exported out of the euphotic zone at rates comparable with those of sinking faecal pellets from carnivorous zooplankton and euphausiids (25- In addition, if we assume that bacterioplankton directly compete with phytoplankton for dissolved Fe [86] , their Fe demand can be added to that of phytoplankton for a total of 21.7-231 kg Fe km −2 yr −1 ( figure 3, table 4 ). bioavailable to phytoplankton, such as Fe bound to particles [87] . Indeed, bacteria are well known for their association with particles [88, 89] .
These results suggest that biological processes are critical to pelagic ecosystem functioning in the Southern Ocean, at least in terms of Fe cycling. A recent study highlights the importance of deep winter mixing in supplying Fe to Southern Ocean surface waters (0.51-1.8 kg Fe km −2 yr −1 ) [79] . However, this wintertime Fe pulse is small (in comparison with phytoplankton Fe demand), short-lived and followed by intense biological Fe recycling in the ecosystem [79] .
Interestingly, the annual Fe demand for the production of biomass by benthos (36.27 and 42.64 kg km −2 yr −1 , low and high Fe content, respectively) and bacterioplankton (7.32 and 159.39 kg km −2 yr −1 , low and high Fe content, respectively) is notably higher than the mass of biogenic Fe consumed by these organisms (benthos, 2.4 and 9.11; bacterioplankton, 4.4 and 28.4 kg km −2 yr −1 , low and high Fe content, respectively; table 4). These findings suggest that benthic invertebrates and bacterioplankton must satisfy part of their Fe demand using alternative sources. It is well known that bacterioplankton acquire dissolved Fe directly from seawater [9, 17] and compete with phytoplankton for this scarce micronutrient [86, 90, 91] . Indeed, according to our low and high Fe content calculations, bacterioplankton need to satisfy 40-82% of their Fe demand from dissolved Fe. Similarly, benthic invertebrates must acquire 93-79% of the Fe they require for growth from lithogenic Fe in the sediments (based on low and high Fe content values, respectively; table 4).
We calculated the Fe assimilation efficiency (Fe AE) of each functional group (table 4) by dividing the annual Fe demand associated with biomass production by the annual Fe consumption (multiplied by 100 to obtain a percentage). A minority of functional groups (small pelagic fish, bacterioplankton and benthos) exhibited Fe AE > 100%, suggesting that they must use non-biogenic sources to meet their Fe demand. As discussed above, this is suspected for bacterioplankton and benthos. However, the excessive Fe AE of small pelagic fish might indicate that their Fe content in the models might be overestimated. Our calculated Fe AE values are reasonable for the remaining functional groups. Using the low Fe model as an example, in functional groups with TL > 4.3 the Fe AE ranges between 0.12 and 1.55%; these values are in good agreement with previous measurements of 0.7-1.2% in fish [92] . For microzooplankton, Fe AE can vary substantially depending on the Fe content of the prey. Reported values range between 15 and 40% [93] , which compares well with our calculated Fe AE of 30%. Similarly, the Fe AE in copepods has been shown to vary, depending on the type of prey, between 16 and 60% [28, 94, 95] . Our calculations produce a Fe AE of 44% for copepods (table 4). In our model, cephalopods and salps have relatively high Fe AE (approx. 58%) in comparison with copepods and microzooplankton (table 4) . There are, to our knowledge, no direct measurements to confirm these values, but such data would be useful in future studies.
Given that every Ecopath model includes a detailed breakdown of the diet of each consumer, we were able to estimate the relative contribution of each prey item to the total Fe ration of the consumers (electronic supplementary material, tables S5 and S6). For example, in the low Fe model (electronic supplementary material, table S5), large and small whales derive most of their Fe from small pelagic fish, cephalopods, krill and salps, while cephalopods contribute the most to the dietary Fe intake of odontocetes and pinnipeds. Penguins and flying seabirds derive most of their Fe from small pelagic fish, while large and small demersal fish obtain large amounts of Fe from benthic invertebrates. Salps are an important Fe source for small pelagic fish and cephalopods, contributing approximately 30% to their total Fe rations. Carnivorous zooplankton are the most important source of Fe for small pelagic fish, contributing 50% of their total Fe ration. In general, while krill are a fundamental part of the diets of many consumers in the Southern Ocean, salps seem to contribute more than krill towards the Fe demands of many consumers (at least those with TL < 4.1; electronic supplementary material, table S5). For the high Fe model, the trends are similar. One interesting difference between the low and high Fe models is that krill provide < 20% of the Fe consumed by baleen whales (both large and small) in the low Fe model (electronic supplementary material, 
(b) Southern Ocean 2008 Ecopath model, balanced for Fe
Once the Ecopath model was balanced for biomass, we converted biomass densities to biogenic Fe pools and ran the Ecopath model again to examine whether the system was balanced for Fe. Balancing the model for Fe was a thought experiment to estimate how high biomasses would have to be to meet all consumers' Fe demand via grazing or hunting. In essence, the biogenic Fe demand for each functional group has to be equal to or greater than the Fe lost due to consumption by grazers or predators, and other mortality.
The results showed that the model was not balanced for Fe mass. Under low Fe conditions, Fe mass balance required increases in the biogenic Fe pools (figure 4; electronic supplementary material, tables S4 and S7) associated with krill (28×), producers, copepods and microzooplankton (approx. 15× each), and bacterioplankton and carnivorous zooplankton (approx. 5× each). The necessary adjustments were slightly less pronounced under high Fe conditions (electronic supplementary material, tables S4 and S7), requiring approximately 24× biomass increase for microzooplankton, 10× increase for producers and approximately 5× increases for krill, copepods and carnivorous zooplankton (electronic supplementary material, tables S4 and S7). The fact that, in both models, the biogenic pools with the highest required increases were those of krill, producers, copepods and microzooplankton might be due to the small magnitude of both the lower and higher Fe content values for these functional groups (kg Fe t −1 wet weight; table 2; electronic supplementary material, table S2). Many of these Fe content values are derived from studies (see Material and methods, §2) in stringent trace metal laboratory conditions, and thus only include intracellular Fe content. If some of these organisms have a significant amount of bioavailable Fe on their body surfaces, this extracellular Fe could be a significant source of Fe for their consumers, explaining part of this discrepancy. However, a variety of studies have demonstrated that the assimilation efficiency of a trace metal by a consumer is a direct function of the percentage of that element in the prey vacuole or soft tissues [26, 27] . It is also possible that crustaceans, such as krill and copepods, are acquiring Fe directly from seawater through their gills or permeable cuticles, as has been previously shown for other metals in crustaceans [96] . Alternatively, it is very likely that the Fe content of organisms occupying higher trophic levels has been overestimated (see below). (figure 2, table 3 ). For example, in the low Fe model, excluding benthos and detritus, producers account for the largest biogenic Fe pool (0.528 kg Fe km −2 ) for TL 1, salps (1.44 kg Fe km −2 ) for 2 < TL < 3, small pelagic fish (0.584 kg Fe km −2 ) for 3 < TL < 4 and cephalopods (0.545 kg Fe km −2 ) for TL > 4. The greatest difference between the 2008 and 1900 models was the larger overall biogenic Fe pools in the 1900 model ( figure 2, tables 3 and 4) . This is due to higher biomasses of most functional groups in 1900, probably driven by higher phytoplankton biomass (120 versus 50 t km −2 ). In contrast with the 2008 model, the smallest Fe biogenic pools in the 1900 model were associated with small mysticetes, odontocetes and pinnipeds (0.003 kg Fe km −2 each, low Fe content) rather than large mysticetes, whose biomass decreased approximately 20× between 1900 and 2008 due to depletion by commercial whaling ( [47] ; figure 2, table 3) .
The rankings of functional groups in terms of the Fe demand associated with annual biomass production, Fe consumption and Fe release (excluding mortality) are very similar for the 2008 and 1900 models ( figure 3; tables 4 and 3, respectively) . However, the magnitudes of these quantities for the 1900 model 1 ) ), which agrees well with the average estimates of phytoplankton biomass in the Southern Ocean (0.54 µg Chla l −1 ) published by Arrigo et al. [60] (Chla = chlorophyll-a). By contrast, a 2.4× higher phytoplankton biomass (120 t km −2 , equivalent to approx. 1.56 µg Chla l −1 ) is required to support the more productive ecosystem modelled for 1900, especially the higher biomasses of krill and large mysticetes (table 1;  electronic supplementary material, table S2 ). This estimate seems reasonable, though it is 1.3-3× higher than previous estimates of the current average phytoplankton biomass in the Southern Ocean ( [60] and [97] , respectively).
To support the vastly (approx. 20×) higher densities of large mysticetes in 1900 compared with 2008, greater biomass densities of a variety of functional groups, beyond phytoplankton, are necessary (tables 1 and 2). In our model, we calculated that krill, salps, benthos, bacterioplankton and microzooplankton must have had biomasses 2-4× higher in 1900 than in 2008 (tables 1 and 2). These larger biomass pools (t km −2 ) result in greater Fe pools (kg Fe km −2 ) and annual Fe demand and consumption (kg Fe km −2 yr −1 ) in the 1900 model ( figure 3, table 3) .
One of the most notable differences between the 1900 and the 2008 biomass mass-balanced models is that the Fe release by large mysticetes was approximately 10-fold higher in 1900 (0.07-0.125% of the total biological Fe flux) than in the present day (0.011-0.015%) (tables 3 and 4). However, the absolute contribution of whale recycling to the total biological Fe flux (excluding mortality) remains negligible compared with the contributions of high-turnover, high-biomass planktonic groups such as microzooplankton, carnivorous zooplankton, salps and krill. At most (for the low Fe content model), large mysticetes could contribute less than 0.2% (= (0.089 kg Fe km −2 yr −1 /39.6 kg Fe km −2 yr −1 ) × 100) and 0.03% (= (0.005 kg Fe km −2 yr −1 /14.4 kg Fe km −2 yr −1 ) × 100) of the annual phytoplankton Fe demand in 1900 and 2008, respectively (tables 3 and 4). For the high Fe content model, the corresponding figures are 0.26% and 0.04%. We can thus conclude that the massive decline in the biomass of large baleen whales in the Southern Ocean over the past century most likely did not have a notable effect on biological Fe cycling in this ecosystem [47] . However, the removal of whales may have affected ecosystem structure and productivity in other ways we do not yet understand. A recent article by Ratnarajah et al. [48] suggests that Fe-rich defecation by unexploited large baleen (blue and fin) whale populations in the Southern Ocean, plus the Fe released by the Antarctic krill biomass that is needed to support these whales, might have supported phytoplankton biomasses of up to 180 and 106 t km −2 , respectively. This producer biomass range is in surprisingly close agreement with the value required by our previous model to support the pre-whaling population in 1900 (120 t km −2 [47] Neither the 1900 nor the 2008 Ecopath model satisfied the demands of mass balance in terms of Fe without substantial modifications. To achieve this balance, the biomass of functional groups with TL < 3.3 (krill, microzooplankton, copepods and producers) had to be increased the most (figure 4; electronic supplementary material, table S7), with the order of the groups depending on the year (1900 versus 2008) and the group Fe content (low versus high). Interestingly, when we used a krill Fe content 4.75× higher than our maximum value, as did Ratnarajah et al. [48] , the 1900 model no longer required an increase in krill biomass in order to be balanced for Fe. Furthermore, the krill biomass corresponding to this increased Fe biogenic pool was exactly equal to that needed to balance the 1900 model for biomass. This implies that the extra Fe flux derived from this modification to the 1900 model is enough to entirely meet the Fe demand of the krill biomass needed to support predation by all unexploited whale populations. If true, this finding would confirm the accuracy of the krill-whale interaction in 1900 as originally modelled in Ecopath by Surma et al. [47] .
(d) Caveats and limitations
To our knowledge, this is the first study attempting to model the biological cycling of an essential trace element in an entire ecosystem. We recognize that this model is meant to give a broad ocean-scale picture of biological Fe cycling in the Southern Ocean, describing the average state of this ecosystem and assuming biomass mass balance over an arbitrary annual period. The latter means that seasonal parameters are not entered in the model, but instead we input parameters representing an annual average. For example, the average annual productivity of phytoplankton in the model was 102 yr −1 , equivalent to 0.28 d −1 . This growth rate is close to the average growth rate (range 0.1-0.6 d −1 ) of Southern Ocean isolates cultured in a range of light and Fe conditions mimicking in situ conditions throughout the year [98] , as well as phytoplankton growth rates measured in situ [99] . Similarly, Southern Hemisphere rorquals (Balaenopteridae) feed predominantly, although not exclusively, in the Southern Ocean summer on Antarctic krill and fast during the winter at lower latitudes [100, 101] . Thus, in our model, the consumption of krill by whales is not the summer consumption rate (d −1 ) multiplied by 365 days, but instead is scaled properly to represent the annual consumption rate. Future models could also capture seasonality by creating models for extreme conditions, such as summer and winter.
The mass-balance constraints implemented in the two Ecopath master equations (see Material and methods, §2) should be seen not as dubious assumptions, but rather as filters for mismatched estimates of flow. We gathered all possible information about the components of this ecosystem and their interactions. These parameters were then passed through the 'mass-balance filter' of Ecopath. The model output is a possible snapshot of the energy flows, the biomasses and their utilization. The more accurate the input data are, the more constrained and realistic the model output will be.
The models presented here, preliminary as they are, may help prioritize areas of future investigations. However, the constraints associated with our models are many. For example, our functional groups often included numerous taxa that were aggregated based on similar ecological and life-history traits. Therefore, the input parameters of the combined functional group are not characteristic of any single component taxon. Ecopath error predictions are approximately as precise as the input variables, but are not equally affected by all data inputs, according to Essington [102] . To evaluate the sensitivity of Ecopath outputs to imprecise data inputs, Essington used nine published Ecopath models as operational models. The results showed that Ecopath predictions were most sensitive to biomass (B) and production rate (P/B) input data, and only occasionally sensitive to consumption rate (Q/B) and diet compositions. Though it is difficult to determine exactly how imprecise B and P/B estimates are in our model, most would agree that these parameters are typically known with much greater certainty than diet compositions, which are highly variable in space and time.
To date, no one has used Ecopath to estimate cycling of an essential trace element. Thus, our findings are heavily dependent on the Fe content assigned to each functional group. To address this, we created two models, one with high Fe and another with low Fe content values. However, in nature, permutations between these two sets of data are likely to occur. One of the most significant findings of our study was the realization that microzooplankton account for most of the Fe recycling in the Southern Ocean. To investigate the impact of changes in Fe content (low in some functional groups while high in others) on Fe recycling, we created four new ecosystem models by randomly selecting low or high Fe content values for each functional group. This exercise illustrated that microzooplankton are still the most important biological Fe recyclers, accounting for 41, 86, 83 and 87% of the total Fe recycled in model permutations #1 to #4 (electronic supplementary material, table S8). Given that microzooplankton have one of the smallest Fe content ranges (0.007-0.013 kg Fe t −1 wet weight) and some of the smallest values in both low Fe and high Fe models, we tested whether their ability to recycle Fe was due to their low Fe demand relative to other organisms. To examine this hypothesis, we purposely increased their maximum Fe content (0.013 kg Fe t −1 wet weight) by approximately four times to 0.05 kg Fe t −1 wet weight in permutation #3. The new output still indicated that microzooplankton account for the vast majority of the biological Fe release (77%; electronic supplementary material, table S8), followed by krill (7%). We believe that the ability of microzooplankton to recycle Fe so efficiently is due to their high biomass, turnover rate and consumption rate (ranking first in all these categories when producers are excluded). Furthermore, when we compared the amount of Fe released by microzooplankton (which excrete organic waste via low pH (2-4) exocytic vesicles) to phytoplankton Fe demand, we assumed that 100% of the released Fe in situ is bioavailable [36, 84] . However, bioavailability of Fe within various types of faecal material would probably be different. Hence, future studies could investigate the residence time and bioavailability of Fe released by various organisms (e.g. carnivorous zooplankton/krill faecal pellets versus seabird/whale liquid faeces) in the food web.
Clearly, the output of our models is heavily dependent on the accuracy of the Fe content values for all functional groups. Similar conclusions were reached by a recent study investigating iron fertilization by baleen whales and Antarctic krill in the Southern Ocean [48] . Their model comprised 12 parameters, including five not based on empirical measurements. The most influential drivers of the model output were the Fe contents of krill and phytoplankton. Thus, there is an acute need for more measurements of Fe content in marine organisms. Technological advances in geochemical analyses can now provide precise and accurate elemental composition, including a suite of trace elements, for biological samples. (i.e. typically muscle) of marine organisms consumed by humans, few studies have measured Fe content in a variety of organs and/or estimated the total Fe content of the organism, as done in Honda et al. [33] . More such studies would improve the accuracy of future Fe-based Ecopath models of the Southern Ocean and other oceanic regions. Furthermore, many mid-to upper trophic level organisms, whose Fe content is known, were collected from neritic rather than pelagic waters (see Material and methods, §2). It is presently unknown whether fish and mammals inhabiting open ocean waters with low trace metal levels require less of these metals than their coastal counterparts, as is the case for phytoplankton [1] . Therefore, the Fe content of organisms occupying lower trophic levels is much better constrained in our models than that of large predators. In order to use such models to accurately determine biological trace metal cycling in marine ecosystems, we urgently need more measurements of the trace metal content of large oceanic predators.
Conclusion
Our findings highlight the importance of Fe in controlling the biomass and productivity of functional groups spanning more than four trophic levels in the Southern Ocean ecosystem. Our ecosystem models demonstrated that the highest annual Fe demand for biomass production in the water column was associated with the productivity of unicellular organisms (phytoplankton, bacterioplankton and microzooplankton). Both Fe consumption and biogenic Fe pool size peaked at low to intermediate trophic levels within the plankton. For organisms with trophic levels exceeding 3.8, small pelagic fish and cephalopods provide the majority of the annual Fe ration. For organisms occupying intermediate trophic levels, salps seem to be an excellent source of Fe, while for lower-order consumers, microzooplankton provide a large fraction of the dietary Fe intake. Benthos and bacterioplankton apparently rely on non-biogenic sources of Fe to meet part of their demand for this metal. Microzooplankton appear to be the greatest contributors to biological Fe recycling (flux to detritus), followed by carnivorous zooplankton and krill. A comparison between the 1900 and 2008 models demonstrates that Fe recycling by baleen whales was reduced 10-fold by the near-extirpation of these species in the intervening century. However, even in 1900, the contribution of baleen whales to the biological Fe recycling process was apparently negligible compared with that of high-biomass, high-turnover plankton (mainly microzooplankton, krill and salps). It appears that the potential of whales to act as ecosystem engineers may not be related to their role in Fe recycling and still awaits further research. Our estimated annual mass of Fe recycled by the biota is similar to independent measurements, substantially greater than Fe input from physical supply processes, and sufficient to meet the combined Fe demand of phytoplankton and bacterioplankton under most conditions. As previously demonstrated, this suggests that there is fierce competition between phytoplankton and bacterioplankton for this scarce essential element. These results emphasize the importance of biological Fe recycling for the proper functioning of the Southern Ocean ecosystem.
The models presented here are meant to be a proof of concept. Similar models can be created to explore the cycling of other bioactive metals in this and other marine ecosystems. Furthermore, ecosystem models can be fully coupled to one-dimensional physical mixed layer models and biogeochemical models, as previously done by Kearney et al. [103] for the subarctic Pacific and by Treasure et al. [104] for the subantarctic. The coupling of these three types of models will allow us to investigate responses to environmental changes (e.g. trace metal concentration and speciation) throughout the food web. It will also allow us to study the interaction between bottomup climatic effects and top-down effects (e.g. changes in the stocks of various functional groups due to fisheries) on the functioning of marine ecosystems and the cycling of trace metals in the sea.
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